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Abstract: 
 Cavitation refers to formation of bubbles in a flow and subsequent dissolution in the flow. The bubbles are formed when 
the low pressures is below vapour pressure at the given temperature. The pressures may be reduced due to flow conditions or 
imposed acoustic field. Depending on origin cavitation may be classified into acoustic cavitation and hydrodynamic cavitation. 
Acoustic cavitation is found helpful in various fields like biological and medical. Hydrodynamic cavitation can occur in at throat of 
venturi or downstream of nozzle where the pressures are low. Hydrodynamic cavitation is known to have many undesirable effects 
in hydroturbomachinery reducing efficiency, generating noise. 
 Cavitation in wake is a type of hydrodynamic cavitation occurring in the vortex core in the wake region for flow past an 
obstacle are bodies. Cavitation can occur in wakes, and yet all wakes are not cavitating flows. In these zones the pressures are 
generally low due to fluctuating velocities. The bubbles get more time to reside, grow and subsequently collapse. Considering the 
harmful effects, attempts are made to understand it and try to propose method to control it. 
                Experimental studies were carried out to understand the properties of this phenomenon. The variation of pressure 
fluctuations with cavitation number is studied under two different conditions i.e with and without ultrasound.The analysis is  also 
carried out with different cylinder(plain & stepped) configurations (with varying diameters)and producing noise. Pressure 
fluctuations due to cavitation, photographs and video clips, were also taken for each test body at different flow and cavitat ing 
conditions to understand the flow better. 
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1. Introduction 
                 Cavitation is the dynamic formation of vapour bubbles in a liquid flow and its subsequent dissolution in the 
flow. Contrary to boiling, the phase change takes place at almost constant temperature and is due to a local drop in 
pressure generated by the flow itself. The occurrence of low pressure regions in flows is a well-known phenomenon. 
In  
 
case of a venturi, the velocity is the maximum at the throat               where the cross-section is the minimum. Then, 
according to Bernoulli equation, the pressure is the minimum there and the risk of cavitation is the maximum. In case 
of vortices which are very common structures in many flows, because of the rotation and the associated centrifugal 
forces, the pressure in the core of such structures is lower than outside. Hence cavities form in the core of the vortices. 
There are many situations in which cavitating vortices can be observed as tip vortices or coherent vertical structures in 
turbulent flows like wakes or shear layers. Cavitation is considered as one of the most ubiquitous problems in 
hydraulic machines since it causes changes in flow kinematics, drop in machine efficiency, noise, thermal effects and 
probably the most important - the erosion of solid surfaces. 
 There are various ways to generate or enhance cavitation - one of the simplest is to use ultrasonic excitation. 
Ultrasonic devices that are used for generation of cavitation are mainly piezoelectric transducers. Excitation 
frequencies associated with cavitation effects usually lie in the range between 20 and 60 kHz. Due to the inertia, the 
liquid cannot follow the oscillations of the sound field, hence low-pressure regions in antinodes in vicinity of solid 
surfaces and elsewhere in the liquid repeatedly occur. If the pressure oscillations are high enough (if the pressure 
drops below the critical pressure), cavitation bubbles appear and collapse. Ultrasound enhanced bubble activity in the 
form of acoustic cavitation. Bubbles generated at higher frequency act as nuclei for lower frequency cavitation and 
thus enhance the acoustic cavitation activity. 
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1.1 Cavitation phenomenon : 
              Cavitation is the complex two-phase flow phenomenon occurring inside a liquid when the local static 
pressure falls below the vapour pressure (Pv) corresponding to the liquid temperature. Vaporization of a liquid is the 
change of phase that converts liquid into the vapour state. This transformation is achieved either by adding the heat at 
constant pressure which is called boiling or reducing the dynamic pressure at constant temperature which is called  
cavitation. In cavitation the rupture of liquid continuum takes place due to excessive stress.   
                Cavitation is generally initiated from microscopic nuclei carried by the flow. Such nuclei are points of 
weakness for the liquid from which macroscopic cavities are generated and grow in low pressure regions. The most 
widely used model of nucleus is that of a micro bubble. Such a micro bubble, typically of a few microns in diameter, 
is assumed to be spherical and to contain a gaseous mixture made of the vapor of the liquid and possibly of non 
condensable gas. The presence of non condensable gas inside the bubble is due to the migration of gas by molecular 
diffusion through the bubble interface. In ordinary water, there are generally many nuclei with a wide range of 
diameters. The weakest points are the biggest nuclei since their critical pressure (Pc) is the largest. They will then 
cavitate first.    In some cases the liquids can sustain the tension and may not undergo 
vaporization even though liquid pressure reaches to its vapor pressure. This is mainly because of the fluid properties 
and the nuclei content having by the liquid. If the liquid having sufficient number of nuclei (>10- m), then 
cavitation occurs at vapour pressure. Otherwise, lower pressures is required (even tension) to achieve liquid rupture. 
And many researchers have already found that this tensile strength significantly increases for degassed liquids.  
 The cavitation thresholds of subharmonic emission and of sonoluminescence in water have been measured in 
a focused ultrasound beam by two different methods: 
(1) by increasing the transducer voltage at different rates;  
(2) by keeping a chosen constant transducer voltage and waiting for the appearance of the subharmonic or of the 
sonoluminescence. The thresholds increase with increasing the rate of voltage increase. The thresholds are generally 
expressed in terms of the vibration amplitude of the transducer, sound pressure or of the transducer driving voltage. In 
the experiments reported in this paper, the transducer driving voltage is used. 
    
2.1 Design of Stepped Horn: 
  
 The vibrating motion generated by the transducer is normally too low for practical use and so it is necessary 
to magnify or amplify this motion. This is the function of the horn which, like the transducer, is a resonant element in 
the compression mode. Of all devices designed to mechanically amplify ultrason ic vibrations the stepped horn is 
apparently the most efficacious. In addition it has many other interesting properties. It is the only resonant device 
known in which the resonant frequency can be changed by a factor of two to one without changing the over -all 
dimensions. Furthermore, the numerical relationship between overtones may easily be changed. The displacement 
magnification may also be varied widely. 
 For horn selection and design some results of a mathematical analysis are presented together with 
experimental verification. 
 The work reported by John F. Belford, (Technical publication TP-214, Morgan Electro Ceramics) is the 
result of a search for a means of obtaining comparatively large amplitudes of motion in a solid at ultrasonic 
frequencies. The device that resulted turned out to have interesting and unusual properties and led to the solutions to 
equations having several applications in the field of ultrasonics. By comparing the magnification of the exponential, 
straight taper, and stepped horns (Fig.2.1). It was found that, for a given ratio of end diameters, the stepped horn offers 
the greatest displacement magnification. Or, conversely, for a given desired magnification and large end diameter, the 
stepped horn gives a larger tip diameter than other horns. In order to compare the theoretical and experimental results, 
a series of stepped horns was made with the step in different positions. These were driven by piezoelectric drivers, and 
the resonant frequencies. The general agreement is very good, but two areas of disagreement will be noted. First is, at 
higher frequencies where the diameter of the horn is an appreciable fraction of a wavelength and transverse modes are 
starting to establish themselves and second is at small values of p = a/L; a is t he length of section having larger area 
and L is the total length. The disagreement here is due to the relatively much larger effect of the driving transducer, 
which was neglected in calculations in this region. For small values of p the measured frequency  decreased sharply. It 
is observed that the resonant frequency can be varied substantially (by a factor of 2:1 In the case of the fundamental) 
without changing the overall dimensions of the horn. 
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Fig.2.1 Comparison of displacement magnification of exponential, straight and stepped horns 
 In the experimental work of Sergei et.al (2006) a set of criteria characterizing the matching capabilities of 
ultrasonic horns is developed. Maximizing the transfer efficiency of the acoustic energy between electromechanical 
transducers and water at cavitation is achieved by matching the acoustic impedances of transducers to water at 
cavitation using appropriately designed ultrasonic horns. It is shown that none of the commonly used tapered -shape 
horns can achieve the necessary  conditions. Matching an ultrasonic transducer to a liquid load is a matter of 
choosing the matching horn that ensures the expression at a given gain factor G. 
2GN
Vrw
m  
Where m  is the maximal mechanical stress achievable due to the magnetostrictive effect for a given transducer 
material, rw is acoustic resistivity, V is output oscillatory velocity of acoustic rod and N2 is ratio of output to input 
cross section of acoustic horn. When matching to an active acoustic load with kt<< 1, the standing acoustic wave in 
the transducer and in the horn is not disturbed, and their resonance dimensions do not change. 
 
2.2 Objectives: 
Based on the above study, following objectives are formulated: 
1. Study the effect of cylinder diameter and its length in the formation of wake cavitation. 
2. Design an ultrasonic transducer to enhance the cavitation. 
3. Study the effect of ultrasound on the wake cavitation. 
 
2.3 Transducer Horn Design: 
 The vibrating motion generated by the transducer is normally too low for practical use and so it is necessary 
to magnify or amplify this motion. This is the function of the horn which, like the transducer, is a resonant element in 
the compression mode. Normally, these are half a wavelength long, although, should the distance between the 
transducer and the sample being treated need to be increased, they can be designed in multiples of half wavelengths. 
This can also be achieved by screwing one horn into the other thereby building up the overall length. When choosing a 
material for acoustic horns, then, we look for the following characteristics: 
(1)  High dynamic fatigue strength; 
(2)  Low acoustic loss; 
(3)  Resistance to cavitation erosion; and 
(4)  Chemical inertness. 
In order of preference, suitable materials which fit the above are: 
(1)  Titanium alloy; 
(2)  Aluminium; 
(3)  Aluminium bronze; and 
(4)  Stainless steel. 
Transducer horn material is selected on the basis of acoustic impedance. The acoustic impedance of horn material 
should be matched with the acoustic impedance of PZT-4. A change in the impedance affects the amount of acoustic 
energy that is reflected and transmitted. 
The acoustic impedance (Z) of a material is defined as the product of its density ( ) and acoustic velocity (c). 
Z = × c 
Specific acoustic impedance of aluminium                       = 1.733×107         kg/m2.sec and  
Specific acoustic impedance of PZT-4                              = 2.432×107 kg/m2.sec. 
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From the materials discussed, the acoustic impedance of aluminum is nearest to the acoustic impedance of PZT-4. So 
aluminum has been used as a horn material in the present experiment. 
The most popular horn designs for horn are: (Fig.2.1). 
(a) Linear taper 
(b) Exponential taper 
(c) Stepped 
 
 
Fig. 2.1 Transducer horn design (Belford, TP-214) 
 For present experiment stepped horn is preferred. The stepped horn, consists of two cylinders of different 
diameter placed end to end concentrically.  In stepped horn design the magnification factor is given by the  ratio of the 
end areas (Fig.2.2). The potential magnification is limited only by the dynamic tensile strength of the horn material. 
This is a useful design and easy to manufacture. Gain of up-to 16-fold are easily achieved in a practical horn. These 
transducers are usually operated at or near a resonance frequency in order to obtain  the  most  power  output  for  a  
given driving  force. A resonance frequency is defined as the frequency at which some quantity reaches a maximum 
when the driving frequency is varied while the driving force amplitude is held constant. 
PZT-4 crystal resonance frequency,  
kHzf 3.43
108.50
2200
min  D)T,(L, Dim.
 m)-(HzConstant Frequency 
3
 
Velocity of sound in PZT-4 crystal (longitudinal velocity), c = 4000 m/s  
Wave length, 
f
c  = 
31044
4000  = 90.9 mm,  
Horn length = 
2
 = 45.4 mm 
The present design of stepped horn is shown in Fig.2.3. 
                                       
       Fig. 2.2 Design parameters for stepped horn                                          Fig.2.4 Stepped horn design in the present work 
           (Source: John F. Belford, Technical publication TP-214) 
Two wires are soldered on the bottom face of the crystal and they are joined together to form a terminal. Similarly, 
two wires are soldered at the top face and joined together to form another terminal. The top face of the crystal is glued 
to the aluminum 
leakages from the test section to the transducer horn, O-ring is fitted in the assembly. All the sets of wires are taken 
out from the transducer holder. This transducer assembly is placed at the bottom of the lower plate of the test section. 
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Fig.3.6 Photograph of Piezoelectric transducer 
 
3.Ultrasonic Transducer Design 
 
3.1 Transducer Holder Design and Fabrication: 
  
 To hold the transducer at an angle of 60o, a holder is designed and fabricated (Figures 3.1 and 3.2) holder is 
made of acrylic plastic. This transducer holder is an assembly of two parts, the upper part which is connected with the 
lower plate of test section, and the lower part which consist the backing for transducer. Transducer holder is designed 
in such a way that it will hold the transducer horn at an angle of 60o towards the test cylinder, so that the acoustic 
waves coming out from the horn can direct towards the region of wake formation. Th ese two parts of holder are tightly 
assembled with bolts. 
                      
 
Fig. 3.1 Design and photograph of lower part of transducer holder 
                                  
Fig.3.2 Design and photograph of upper part of transducer 
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Fig. 3.3 Test section assembly 
3.2 Ultrasonic Transducer Calibration Results: 
 Ultrasonic transducer is calibrated for various frequencies. First the transducer was used to determine the 
peak frequency. From experiments it was found that the pressure is maximum (114732.4 Pa) at a frequency of 44.7 
kHz as shown in Fig.3.4. This frequency is nearest to our designed frequency. Thus that frequency is the proper 
operating frequency to enhance cavitation. 
 The pressure transducer was moved in vertical direction to find out the pressure variation along   Z -axis. It 
was found that as well as height increases from the tip center of ultrasonic transducer horn the pressure intensity 
decreases. And for the experimental height of 30 mm the pressure is 51302.6 Pa, and for 15 mm height the pressure is 
103241.5 Pa, as shown in Fig.3.5. 
 
      
 
                Fig. 3.4 Variation of pressure with frequency                        Fig.3.5 Variation of pressure with height at the center of horn 
 Ultrasonic transducer is also calibrated for horizontal offset along X-axis. From this experiment it was found 
that ultrasonic transducer pressure intensity is maximum at the center and its operating range for the maximum 
enhancement of cavitation is up-to the diameter of 7mm from the center of horn as shown in Fig.3.6. 
 
. 3.6 Variation of pressure along horizontal axis from the center of horn 
From the calibration results it was concluded that the designed ultrasonic transducer is quite suitable for experiments.  
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4. EXPERIMENTAL SETUP: 
 
4.1 Details of test bodies: 
Different test cylinders were designed and fabricated, photographs of these test cylinders are shown below. 
 
(a)                (b)                 (c)       (d) 
(a) Plain cylinder with 5 mm diameter.      
(b) Plain cylinder with 10 mm diameter. 
(c) Stepped cylinder with 5 mm diameter.     
(d) Stepped cylinder with 3 mm diameter. 
4.2 Experimental Methodology: 
 Before starting the experiment, leakage test was performed. If any leakages came in test section, it was 
arrested by RTV silicone anabond, and other leakages in elbow, valve and pipe joints were sealed by M-sealTM. After 
arresting all the leakages experiments were started. 
(1) First a frequency of 40 kHz is tuned in VFD, VFD is directly connected with motor of the pump, now started the 
pump. After starting the pump first operation is venting of pressure gauges. 
(2) For different valve opening, from no cavitation, inception cavitation, and fully developed cavitation, upstream and 
downstream pressures are noted. At the same time for 25 liters of discharge time was noted down. With the help of 
PCB sensor signal conditioner, pressure fluctuations were measured at different stages. 
(3) Cavitation occurred behind or the cylinder downstream because of low pressure created when the downstream 
valve open. The pressures at the downstream reduced below vapour pressure cavitation taking place on the cylinder 
and noise also produced. With an increase in volume flow rates the pressures are reduced providing suitable 
conditions for cavitation. 
(4) For experiments with ultrasonic transducer, the function generator and amplifier were switched on and a particular 
waveform of sinusoidal of a particular frequency of 44.7 kHz and an input voltage of 4Vpp is tuned in function 
generator. In order to amplify the input signal, it is fed into power amplifier. Power amplifier is tuned for 35 dB, this 
amplified input voltage is given to the ultrasonic transducer. Ultrasonic transducer which is fixed at a distance of 30 
mm with an angle of 60o towards test cylinder starts producing acoustic waves. Due to this acoustic wave energy, 
cavitation increases. Again this experiment is conducted for a distance of 15 mm perpendicular to the test cylinder.  
5. Results and Discussion: 
 The experimental data, collected from the experiments performed with ultrasound and without ultrasound, 
over various configurations of cylinders, in this chapter the results produced from these experiments are going to be 
discussed. 
5.1 Cavitation Number: 
Cavitation number is the basic parameter to measure the extent of cavitation. Cavitation number is used to know what 
happens in a flow when the overall pressure is decreased or the flow velocity is increased so that the pressure at some 
point in the flow approaches the vapour pressure Pv, of the liquid at a reference temperature. In order to characterize 
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2
2
1 V
PP vapourupstream  
Where Pvapour is the vapour pressure of water at 300 K is 3567 Pascal, Pdownstream is the pressure at downstream of test 
 is the velocity at nozzle exit. Any flow whether cavitating or not 
have some value of . downstream sufficiently large compared with Pvapour or V  is 
sufficiently small), single-
i . 
5.2 Variation of Sound Pressure Level with CavitationNumber 
 Fig. 5.1 shows sound pressure level for different cylinder configuration. As cavitation number decreases, 
pressure also decreases up to a certain cavitation number and it again starts rising. The point where pressure is 
minimum cavitation inception occurs, i.e. at that point formation of wake cavities will start. At this point of mimimum 
pressure the size of cavity is very small, as pressure increases further the size of cavity also increases. So from this 
Fig. 5.1 it was concluded that as cavitation number decreases after inception the size of bubble or wake cavity 
increases. 
 
Fig.5.1 Pressure fluctuation versus cavitation number 
5.3 Wake Cavitation With and Without Ultrasound: 
 To enhance the wake cavitation the experiments were carried out with ultrasonic transducer. A frequency of 
44.7 kHz, Vin=3 VP-P and dB = 35 was applied to the ultrasonic transducer and experiment was carried out for different 
valve openings. The pressure transducer which is mounted on the top plate can also pick the value of frequency 44.7 
which is applied to the ultrasonic transducer. To avoid this range of frequency values, a bandstop filter is used 
employing Butterworth 6th order available within Labview
of 43 kHz to 46 kHz. 
5.3.1 Experiment over 5 mm stepped cylinder with and without ultrasound  
 Fig.5.2 shows the variation of pressure fluctuation with cavitation number. From the experiment without 
ultrasound, it was found that at non cavitation condition the pressure level is higher than inception condition. This is 
because in case of non cavitating condition the valve is partially opened, and due to the flow through this valve, noise 
generated; this noise was sensed by the pressure transducer so sound pressure level is little higher than inception. At 
the point of inception the sound pressure level is minimum, at this stage noise is starts coming from the wake cavities, 
and size of cavity is smallest at this stage. As cavitation number further decreases, i.e. as valve opening increases the 
noise level increases and the size of cavity also starts increasing. And at the point where valve was fully opened the 
size of wake cavity and the noise level is maximum. Similarly experiments have been done with ultrasound and it was 
found that at non cavitating condition the pressure level is approximately equal to the  pressure without ultrasound. But 
as valve opening increases, at the point of inception noise level increases, it means that the formation of wake cavities 
and their collapse increases with ultrasound. Further if the valve opening is increases the noise level decreases and it is 
minimum at fully valve opening condition. This is because of the fact that at this stage the formation of bubbles due to 
ultrasound increases, and the density of bubbles in the wake cavity region increases because of that the bubble s are not 
able to grow properly. Here the growth of bubble is insufficient for collapse, so if collapse will not occur the noise 
pressure level will decrease. 
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Fig.5.2 Variation of pressure fluctuation with cavitation number in 5mm stepped cylinder 
5.3.2 Experiment over 5 mm plain cylinder with and without ultrasound  
 
Fig.5.3 Variation of pressure fluctuation with cavitation number in 5 mm plain cylinder 
 Fig.5.3 shows the variation of pressure fluctuation with cavitation number. The experiment was conducted 
over 5 mm plain cylinder with and with ultrasound. In case of without ultrasound, as cavitation number decreases 
pressure also decreases up-to the point of inception, again if cavitation number decreases pressure increases. In case of 
cavitation with ultrasound the pressure level is maximum at the stage of inception cavitation. After that if cavitation 
number decreases pressure also decreases. By comparing thes e two cases it was found that in case of ultrasound the 
size of cavity and noise level is maximum at the inception stage. The size of cavity for different stages of valve 
opening is more compare to without ultrasound. 
5.3.3 Experiment over 10 mm plain cylinder with and without ultrasound  
 Fig.5.4 shows the variation of pressure fluctuation with cavitation number. In case of without ultrasound, 
pressure fluctuation increases as cavitation number decreases here the range of pressure variation is small. When t he 
same experiment is carried out with ultrasound, first the pressure decreases with decrease in cavitation number, further 
if we increase the flow rate the noise level increases and the bubbles formation were started. 
 
Fig.5.4 Variation of pressure fluctuation with cavitation number in 10 mm plain cylinder 
 Again if the valve opening increased the cavities were clearly visible and at this stage noise level is 
maximum. If flow-rate increased up-to maximum value, then the size of cavities were also maximum. It is clear from 
this fig. that as cavitation number decreases beyond the inception point pressure decreases much more in case of 
ultrasound compare to without ultrasound. Inception cavitation was seems to occur earlier in case of ultrasound 
compare to without ultrasound and the size of cavity is also large.  
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5.3.4 Comparison of pressure variation with cavitation number 
 Fig.5.5 shows the variation of pressure fluctuation with cavitation number for three different cylinder 
configurations. Inception cavitation start first in 5 mm stepped cylinder and the noise pressure level is also higher 
compare to other configurations. The noise level is higher because cavitation is higher in 5 mm stepped cylinder. 
Fig.5.6 shows the inception cavitating for different cylinder configuration. Those cylinders whose inception cavitation 
number is the maximum was observed to  cavitate earlier. 
                 
   Fig.5.5 Pressure fluctuation VS cavitation number with ultrasound                  Fig.5.6 i) VS cylinder configuration       
       with ultrasound 
5.4 Noise measurements (without ultrasound)Cavitation induced pressure fluctuations was monitored using PCB 
miniature transducer. The time-varying pressure signal data was analysed to determine the magnitude and frequency 
constant. This post processing was carried out using MATLAB(R). Frequency content of pressure fluctuation was also 
monitored and it was seen that there are two distinct sources of fluctuations. These a re the frequency of vortex 
shedding and another was the frequency due to bubble collapse. The frequency of pressure fluctuation due to bubble 
collapse was, of course, very high and was in the range of kHz (Fig.5.7, Fig.5.8 and Fig.5.9). 
 
Fig.5.7 Variation of frequency VS magnitude for 3 mm stepped cylinder.  
 
Fig.5.8 Variation of frequency VS magnitude for 5 mm stepped cylinder 
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Fig.5.9 Variation of frequency VS magnitude for 5 mm plain cylinder.  
6.Conclusion: 
 The experiments brought out the effect of different cylinder configurations and indicate methods of 
producing localized cavitation event and noise which may be useful in bringing about some chemical 
reactions instead of more expensive sono-chemical reactors. 
 Pressure fluctuations in the test section was measured and cavitation number, loss coefficient were calculated 
and discussed how the cavitation inception varies from one cylinder to another and how the noise varies for 
different flow conditions for different configurations. It was seen that stepped cylinders were easiest to obtain 
cavitation. 
 Experiments were conducted with and without ultrasonic transducer and flow were visualized at various 
cavitating conditions of wake achieved by changing the valve openings. Cavitation activity was increased in 
the presence of ultrasound. This is exemplified by the presence of large increase in noise near inception and 
sudden decrease in noise at fully opened valve position due to increased bubble-bubble interaction. 
 Analyzed the pressure fluctuations due to cavitation, and captured photographs and videos of wake of circular 
cylinders when flow is passed over the test body for better experimental understanding. Pressure fluctuations 
were seen to have a dominant frequency corresponding to vortex shedding frequency (Strouhal number of ~ 
0.16) beside the broadband noise due to bubble activity. 
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